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I 1 Abstract 

We are used to describe the detection of light in terms of particles 
' ^ ' and its propagation from the source to the detection, by waves. For 

^ , instance, the slowing down of light in a transparent medium is always 

* ^ ■ explained within the electromagnetic wave framework. We propose to 

approach that phenomenon through a purely corpuscular description. We 
O , find expression for the refractive indices which differ slightly from the 

ryj ■ usual Maxwell wave approach. We thus compare these expressions against 

O ' experimental refractive indices and we show that both reproduce well the 

^5 . data. We show also how this corpuscular framework gives a very natural 

interpretation to the self focusing Kerr effect. Finally an experimental 
\ expectation of fluctuation of the speed of light is presented. 

CU PACS numbers: 01.55.+b, 42.65.Jx 

^ ■ 1 Introduction 

oo : 

t-H , We will be, here, interested in one well known phenomenon unveiled by Leon 

Foucault. He showed experimentally pQ that light slows down in water with re- 
^*") , spect to vacuum. More generally, visible light velocity is reduced in transparent 

' media. In a homogeneous material this is described by the index of refraction 

n, which is the ratio of the velocity of light in vacuum to its velocity in the 
medium. 

The refraction phenomenon consists of two observed facts: the bending of 
light at the interface between two transparent media and the velocity of light 
^ , being reduced. 

5^ ' The breaking of the light rays is, most of the time, explained through wave 

interferences but a particle point of view is possible also. It requires the fact 
that a single photon is either reflected or transmitted, and never both [2]. The 
energy of the photon is conserved either when reflected or when transmitted, the 
momentum of the photon is larger in a medium than in vacuum by the factor 
n and the projection of the momentum onto the boundary is conserved 

because of translational invariance along that direction. 

To the best of our knowledge there is only one explanation to the second 
fact of the smaller velocity of light and it is a wave framework (see appendix 
A). 
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We describe, in this paper, a particle approach of the slowing down of light 
in a transparent medium. 

Wc describe our model in section^ Then we show in section [3] that the index 
of refraction calculated by our corpuscular expression is in good agreement both 
with the usual Maxwell-quantum calculation and with a few experimental data. 

With the advent of lasers in the 60's it was found that focusing intense 
laser beams on glass would produce filaments several centimetres long and a 
few wavelengths in diameter. The paradox is that diffraction should spread the 
beam over a distance of a few 10~ 4 cm. The corpuscular approach interprets 
naturally this self focusing Kerr phenomenon and we derive its magnitude in 
gases and in condensed matter in section 2] 

Finally an experimental expectation of fluctuations of the speed of light is 
presented in the section [5] It is shown that its measurement could be within 
the range of today's technical capabilities. 

2 A corpuscular approach 

It is an experimental fact that molecules have discrete energy states, and in a 
gas these states are very well separated as opposed to solids where they can 
merge and form continuous bands. One problem with a corpuscular description 
of light in propagation is that a photon is absorbed by a molecule only if its 
energy corresponds to an allowed difference of energies in this molecule. For 
instance if the first excited state is 10 eV above the ground state, visible photons 
of a few eV should do nothing to these molecules. Why then do we have an 
index of refraction for a continuum of photon energies? Or, put differently, how 
come a photon whose energy does not fit an atomic line can be influenced by 
the medium? 

From the point of view of quantum mechanics, energy non-conservation is a 
natural phenomenon for short durations. So, the system photon-molecule can 
be thought of as borrowing or putting aside for a while the amount of energy 
allowing it to bring the molecule to an excited state. This virtual excited state 
absorbs the initial photon momentum p = E/c. As the molecular momentum 
at room temperature is a few keV/c while the photon momentum is a few 
eV/c, the molecule continues, almost undisturbed, at its thermal speed. The 
virtual excited state propagates at speeds negligible compared to the speed of 
light because the thermal speed is, even for atomic hydrogen, a few 10 3 m/s. 
Therefore the virtual state is almost equivalent to a stop time for the photon. 

After a while, the molecule and the photon are brought back to their initial 
energy and momentum states. This way, light goes on straight, having only 
undergone a small time delay in this interaction with the molecule. From a 
thermo-dynamical point of view, this phenomenon is reversible and does not 
increase entropy. It looks like decay stimulated by the incoming photon respon- 
sible for bringing the molecule to the excited state. 

When the photon has just the amount of energy needed to put the molecule 
in one of its excited states, it can be absorbed. In this case, the excited state 
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is real. It decays spontaneously with the lifetime associated to the state. This 
effect is not reversible. It creates entropy. Light is absorbed and reemittcd 
isotropically. This phenomenon dominates the behaviour of the medium when 
photon energies lie in the absorption bands of the medium. 



2.1 Propagation through a gas 

The photon has an energy and is propagating through molecules in their 
ground state of energy Wo ■ The molecules have an infinite number of discrete 
excited energy states Wi. In order for the real photon to excite the molecule 
by going from its ground state to the excited level of energy Wi, an amount 
AEi = Wi — Wq — Ej of energy has to appear for a duration Tj. 

n = Kih/AEi 

We have introduced a constant K\ which value should be around 1. After 
that time the molecule returns to its ground state, the photon reappears and 
resumes its trip with the vacuum velocity and in the exact same direction. The 
only observable effect is a shift in time (and in space but at the thermal speed 
of = 10~ 6 , this spatial shift is only a few 10 _15 m). The elastic or Rayleigh 
scattering is present but this occurs at a very low rate. For instance a visible 
photon has to cross 100 km of air before having such an clastic interaction. 

The stop time is defined as the average of the r,: 

t stop =< n >= Kl h£ w _ * _ E 

where fa is the relative strength of the transition Wo — > W». 
We simplify this formula by defining an average molecular excitation energy 
Eav such that: 

fi - 1 



E 



W t - Wo - E 7 E AV - E 



Here we symplify the expression to a single resonance. We will show in section^ 
that it is enough to reproduce well the experimental data in a limited energy 
range. As in the wave approach expression, two or three resonances may be 
required to fit the data in a larger energy range in infra red. 
The stop time is then given by: 

h 

tstop = Ki— — (1) 

&av — 



As it will be described in section uTzl the average molecular excitation energy 
Eav m ah derived from the refraction index measurements is Eav = 19 eV. 
Thus the stop time for photons in visible range is about 5 10~ 17 s. It is way 
shorter than the life time of an excited level which stands in the nanosecond 
range, but it is larger than the time for light to cross an atom which is about 
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Let the mean free path between collisions be A. The total average time to 
cross a distance A is t st0 p + A/c, and the average speed V is: 



V = 



^stop 



Finally, the refractivity is 



When the energy of the incoming real photon is increased, the energy vio- 
lation is smaller and, consequently, the stop time is longer. This explains the 
dispersion of the index of refraction n, with the photon energy E 7 : dn/dE-y > 0. 

The mean free path for a photon is given by: 



where N mo i is the number of molecules per unit volume and a is the cross 
section for a real photon to excite momentarily a molecule. 

There are no experimental data about this process except the index of refrac- 
tion. We assume this cross section to be close to the product of the transverse 
geometric cross section a± of the molecule and of a, the fine structure constant 
characteristic of the efficiency of photon interactions. Thus we can write: 

a = K- 2 a<7±_ (3) 

In appendix B we derive an estimate of K 2 in the framework of quantum 
mechanic and pcrturbative theory and it turns out to be of order unity. 
The mean free path for a photon is then: 



K 2 acr±N mo i 

Finally our prediction for the refractivity is: 



Kihc ( Tic \ 

i n - Mcorpuscie = K 2 aa x N mo i E ^ _ = Kaa±N mo i y EAy _ E J ( 4 ) 

with K = KiK 2 . 

a± is estimated from the mass of a mole M, the Avogadro number Ma and 
the density p of the liquid or solid state when they exist. 

7T ( M 
c_L = -r 



4 \M A p 
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2.2 Propagation through a condensed medium 



The formula for the index of refraction in a condensed medium is going to be 
simplified with respect to what we have in a gas. In a crystal we have the 
molecules packed and touching each other. The numerical density of these 
molecules can be expressed in terms of the spacing between them. If we have 
three axes Ox, Oy and Oz and the corresponding spacing d x , S y and S z , then: 

N mo l 



If the photon is propagating along Ox we have: 

<7j_ = 8 y 5 z =>- Kaa±N mo i = K— 

S x 

r 11 ts he a he 

[«* ~ llcorpu.de =Kaa^N mol Eav _ Ei = K J- xEav _ Ei 

This shows that having a cross section in our index formula leads to sensitivity 
to the spacing in the direction of propagation. When the molecule is very 
asymmetrical and fixed in position like in a crystal, the index depends upon the 
direction of propagation of the light in the crystal. 



3 Comparing the corpuscular and the Maxwell 
wave expressions to the experimental data 

3.1 The standard wave approach: the Maxwell-quantum 
formula 

All measurements of refraction indices arc summarized through cither one of 
the old empirical formulas: 

ncauchy = A + B\ 2 + CA 4 (1840), 



TlSellmeier 



\ 



n 2 \2 



= 1 



or n Hartmann = A + — , by 1900. 

A — Ao 

Most of the time, two terms are enough to reproduce the data. 

The standard wave approach described in appendix A leads to the so called 
Maxwell-quantum formula of the index (A.l). Since the theoretical Maxwell- 
quantum index is obtained through the phase shift of the incident plane wave, 
it corresponds to the phase index n p . As we did for the corpuscular model 
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we symplify the expression here to a single resonance and we approximate the 
formula (A.l) by a single average excitation energy Eav'- 

\n n — 11,, „ = N P i„ r 2TTr„ — ^ - (5) 

L P J Maxwell eLec e t?2 t?2 v ' 

The number density N e i ec of dispersion electrons is given by 

.lence-^mol 

where N mo i is the number density of molecules and n va i ence is the number 
of valence electron corresponding to the number of electrons missing to get a 
complete shell (for instance in N2, n va i ence = 2x3 = 6). The equation [5] 
becomes 



i n P ^Maxwell ~ n valence^f e N mo i „ (6) 

One problem with the light wave or Maxwell-quantum framework is the fact 
that there is no unique way to define the speed of a wave packet. At least 
five velocities can be defined for a wave packet: phase, group, front, signal 
and energy velocities [5]. It has been shown experimentally [6] that a single 
photon with energy far from atomic resonances, travels at the group velocity. 
We determine the group index n g for the Maxwell-quantum formula through 
the following relationship: 



rig = n p - A-^ (7) 

On the other hand in the corpuscular approach even if there is a statistical 
distribution of the number of stops, there is a single, definite, average photon 
velocity. Therefore the corpuscular formula (j4]) corresponds to the group index 
and it is to be compared with the group index data. 



3.2 Example of a gas 

For many purposes like astronomy, GPS communications and light detection and 
ranging (LIDAR), the knowledge of the refractive index of air is very important. 
The number of measurements is large and this is the reason why we choose air 
as an example of a dilute medium. The group index data are taken from [7J. 
In the corpuscular model we need to estimate the geometric cross section a± of 
the air molecules. 

Concerning Nitrogen, the mass of 6 1 23 molecules is 28 g and the liquid has 
a density of 808.6 kg/m 3 . 

Thus a single molecule occupies a volume: Vn 2 = 57.7 10 -30 m 3 . 
The transverse area is thus estimated as 7r/4 V^ 3 = 11.7 10~ 20 m 2 . 
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Concerning Oxygen, the mass of 6 10 23 molecules is 32 g and the liquid has 
a density of 1141 kg/m 3 . 

A single molecule occupies a volume: 32/(6 10 23 11.41 10 5 ) = 46.7 10~ 30 to 3 . 

The transverse area is thus estimated as Vq 3 = 10.2 10 _20 m 2 . 

We calculate then the weighted average transverse area for air : 

< cr ± >= 11.4 1CT 20 TO 2 . 

Hence 

K - 1] , = ff^io»ii.4 io- 2 " 19710 ' 9eym = io- 3 4A8K 

l y i cor puscle 1 ot tt< TP 



9 Icorpuscle m ' ^ _ ^ E ^ _ ^ 

In the Maxwell-quantum model we need the number density of the valence 
electrons. For A^2, n va i ence = 2x3 and for O2, n va i ence = 2x2. For air this will 
average to 0.8 x 6 + 0.2 x4 = 5.6 valence electrons per air molecule. Then under 
our air conditions we get: N e i ec = 14.28 1 25 valence clcctrons/m 3 . Exactly like 
what we do for the corpuscular formula we adopt a one term approach with an 
average energy. The phase refractivity reads: 

98.5 10~ 3 



Maxwell rp2 rp2 

The energies Eav and A 7 are in eV. Then we make use of ([7]) to get the group 
index of the Maxwell-quantum approach. 

The figure [T] shows the Maxwell-quantum and the corpuscle predictions with 
Eav = 19 eV. The constant A in the corpuscle formula is 1.2 and this fixes 
the vertical values. We conclude that the two predictions for air are not very 
different. 

3.3 Example of a condensed medium 

As an example of a condensed medium we choose Si02- The data for synthetic 
fused silica are in [8] and [9]. 

The mass of 6 1 23 molecules is 6O.I5 and the density at 25°C is 2200fcg/TO 3 . 
Therefore, a molecule occupies a volume: 60.1/(6 10 23 22 10 5 ) = 45.4 10~ 30 to 3 . 

The spacing is: Ssio 2 = (45.4 10 -30 ) 1 / 3 = 3.57 10~ 10 m, and the corpuscular 
prediction is: 

„ a Tic 4.08 eV 

\n n Qit)., — 1 , = A- = A- 

L yotU2 H:or iruscle S TP . TP 



Icorpuscle ^ ^ _ ^ ^ _ ^ 

In the Maxwell-quantum framework we use the Lorenz-Lorentz formula (|A-2I) . 

The number of valence electrons for SW2 is 4 + 2x2 = 8 

The number density is: 2.2 10 28 x 8 = 17.6 1 28 valence electrons /to 3 . 

ifzl = 1^2.83 1 0- 15 1 7.6 1 28 3.88 IO' 14 1 -= = A 
n 2 p + 2 3 E\ v — A 2 
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Figure 1: (n g — 1)10 3 for air, as a function of the photon energy in eV. 
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Figure 2: The fused silica group refractivity: n g — l, as a function of the photon 
energy in eV. 

Then we calculate n g from n p with formula Q. 

The figurc[2]shows the data together with the corpuscle formula with K = 1.4 
and Eav = 14.5 eV. In order to get a reasonable value for the silica refractivity, 
we have to plug a value of 17.4 eV for the average excitation energy in the 
Lorenz-Lorentz formula. The average excitation energy is lower for the corpuscle 
formula. 

We conclude that the two approaches are very similar when compared to the 
data either in air or in quartz. The factor K of the corpuscle formula is not too 
different from 1 as we expected, being 1.2 in air and 1.4 in quartz. 
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4 Another perspective for the self focusing Kerr 
effect 



An intense beam of light, focused on a medium, produces filaments several 
orders of magnitude longer than diffraction would allow. This phenomenon has 
been observed in solids, liquids and gases and is known by the names of AC 
Kerr, optical Kerr or self focusing effect. This can be understood if we suppose 
a major increase of the index of refraction when the light intensity is very high 
[TU]-[T5]. The transverse profile of the laser beam translates into a transverse 
gradient of the index of refraction. This modified refractive index distribution 
then acts like a focusing lens allowing the light beam to defeat diffraction. This 
is usually expressed empirically with the formula: n = tiq + n 2 l ■ uq is the usual 
index of refraction at low light intensity /. The constant n 2 stands around 
10~ 20 m 2 /W for dense media and 10~ 23 m 2 /W for gases. 

From ([31) a photon crossing a molecule has a probability K 2 a to stop. If the 
photon stops and if the incoming flux is high enough to have, at the same time, 
I/K2Q. real photons on top of the first, we will, on average, get two photons 
stopping in the molecule. These two real photons will add up their energies 
to bring the molecule in a virtual excited state. The energy violation will be 
smaller and therefore the stop time will be larger. This leads to a larger index 
of refraction. 

Thus when the energy flux of incoming photons Ispedai corresponds to a 
density of photons of 1/ K 2 a in a molecular volume, the refractivity is multiplied 
by the factor: {E AV - E y )/(E AV - 2E y ). 



Eav — Ey 
Eav — 2Ey 



(n - l)(I = Ispedai) ~ ^r(™o - 1) 

Ej . ?iq — 1 Eav ~ 2E^ 



n « n + — ^r("-o - 1) = n + n 2 l Special n 2 = (8) 

&AV — ^7 ^Special 

Let us consider visible photons of energy 2.5 eV propagating through water, 
and estimate the energy flux necessary to get such a special density. A water 
molecule occupies approximately, a volume of 30. 10 - 30 to 3 . 

l/(K 2 a) 137 4.6 10 30 , , , 
Pphotons = T = 30 „ = — ^ photons /m 

V molecule 30. 10 A 2 K 2 

c 4.6 1 30 3. 10 s 10 39 , . 3 . 

^photons = Pphotons- = T? T~nn~ ~ ~F7~ photons/m /S 

n K 2 i.6o K 2 

This can be translated into an energy flux 

2.5 10 20 

I Special {W/m 2 ) = QphotonsEy = —— W/m. 2 

/ i \ n - 1 E AV -2E 1 0.33 17.-5. 211 2/ 

M^ater) = ^r K 2 - = ^^K 2 ^- « 0.9 10 to /W 

So we understand three things: 
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1. The index of refraction increases when the flux of photons / increases. 

n = no + nil 

2. 77,2 ~ 10 _20 m 2 jW in solids or liquids. 

3. The refractivity: hq — 1, is proportional to the density of the medium. 
The constant 77,2 being proportional to tio — 1 © , we understand therefore 
why 77,2 is about 1000 times smaller for gases than for condensed media. 



5 Experimental expectation 

One prediction of the corpuscular behaviour of photons crossing a homogeneous 
medium is a fluctuation of the speed of light due to a fluctuation of the number 
of collisions. The fluctuation would be proportional to the square root of the 
length of the sample crossed by the photons. 

Let's assume photons crossing a fused silica sample of length Lsio 2 with a 
transit time t. The averaged number of collisions N stop is 

L Si o 2 



''stop — . 

where A is the mean free path for a photon in the medium. From equation [21 
one obtains 

at I n-l 

Nstop ~ L'SiOi- 

tstop C 

We expect a gaussian fluctuation (St) corpuscular of the transit time of the photons 
given by 



{St) corpuscular — ^stop \/ ' N stop — 

From equation [TJ one obtains 



77-1 

stop l~>Si0 2 



Ki%(n - 1) 



{St) corpuscular — \ T~p, ^ \ x x/AsioT 

V (&AV - &~ ( )c 



Eav — 14.5eT^ has been determined in section 13.31 from the group index mea- 
surement. The main uncertainty comes from the value of the constant K\. 
Assuming a conservative range K± = 0.1 — 10, the transit time fluctuation at 
127077777 is expected to be 

{St) corpuscular — 

[150 - 1500] fs x VAs^oTM 

The two other main sources of time dispersion are the chromatic dispersion 
and the quantum dispersion. The group index of fused silica is almost constant 
at its minimum value around Ao = 1270nm [9]. If one apply a spectral filter 
with a bandwidth <5A = AOnm around 127077m one would expect a variation of 
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the group index Sn group w 10 5 and thus a chromatic dispersion of the transit 
time 

(5t)chromatic ~ 35/s X L S i0 2 ( m ) 

A spectral filter of bandwidth SX produces also a quantum dispersion. From 
a previous direct measurement of two photon anticoincidence performed in a 
Hanbury Brown-Twiss type experiment [16| , with a spectral filter of bandwith 
SX = 40nm, one expects a quantum time dispersion of 

{St') quantum ~ 

Therefore it appears that the expected fluctuation (St) corpuscular could be 
larger than both chromatic and quantum dispersions with a typical length of 
fused silica of the order of one meter. The use of femto laser together with 
an autocorrelator should allow to measure the fluctuation of the transit time 
of infrared photons with a precision of ~ 100/s. The experimental signature 
is that the expected fluctuation (St) corpuscular varies like the square root of 
the optical pathlength Lsio 2 crossed by the photons in fused silica when the 
chromatic dispersion (St) chromatic varies linearly and the quantum dispersion is 
constant. 

Let's notice that the measurement of the transit time fluctuation S t would 
also determine the two constant Ki, K 2 of the corpuscular transport of photons, 
the stop time t stop and the mean free path between collisions A given by 

he _ c 2 

**-t~rp z? tstop "7 7~ 7T [fit ) corpuscular 

E - E AV L S io 2 ( n ~ 1 ) 

. / \ 2 I r \2 

a / C \ V t ) corpuscular 



= A = 



K 2 aa±N mo i \n — lj L 



6 Conclusions 

The bending of light when crossing a boundary between two transparent media 
can be understood either in terms of wave or in terms of particle. We have 
given here a coherent description of light velocity reduction in a transparent 
medium, in terms of particle. We do get different, simpler, formula for the 
index of refraction as compared to the usual Maxwell wave approach and we 
showed that both reproduce the data fairly well. 

Our corpuscular description leads to new viewpoints and, in particular, we 
understand and predict the characteristic magnitudes of the self focusing optical 
Kerr effect both in gases and in condensed matter. 

At last, a measurement of the expected fluctuation of the speed of light 
seems within the range of today's technical capabilities. 
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Appendix A. The electromagnetic wave point of view for the origin 
of the index of refraction 

A clear description is made in |17j . They consider a continuous slab of di- 
electric having a small depth and a large extension perpendicular to the axis of 
propagation of the plane wave. The slab of dielectric is decomposed into small 
volumes, as compared to A 3 , where the incident plane wave induces electric 
dipolcs. These elementary vibrating dipoles emit secondary spherical waves. 
The reason to consider a very thin slab of matter is that the sum of these 
secondary waves on one particular elementary dipole is negligible compared to 
the incident light amplitude. The amplitude of oscillation of the elementary 
dipoles is then proportional only to the amplitude of the incident light. All 
these secondary waves add up coherently downstream to the incoming light. 
The coherent integration of these secondary waves is phase shifted by 7r/2 with 
respect to the incident wave because of the integration of the imaginary expo- 
nential plane wave. Since the thickness of the slab is small, the amplitude iA of 
this integration has a smaller modulus than the amplitude of the incident plane 
wave taken as 1. The sum, downstream, of the incident light and of the sec- 
ondary waves takes the form 1 + iA which is approximated as e lA . Thus instead 
of being 1 the incident wave is transformed into e tA which displays a phase shift 
interpreted as a delay in time due to a smaller speed in the slab of dielectric. 
This at last gives the index of refraction. The strength of the induced electric 
dipoles is given by their amount of polarization under the influence of the inci- 
dent electric field. This approach was envisaged for a continuous distribution of 
matter, and when the atomic nature of matter was established it became possi- 
ble to have a microscopic model for the induced dipoles. The electric field of the 
incident wave sets the electrons in the molecule into a dipolar periodic motion 
and these electrons arc supposed to reemit light spherically and at the same 
frequency as the one of the incoming wave. Then we have to go from a discrete 
to a continuum, which as shown in [18] is not so obvious. The continuum is 
necessary in order to use the framework of the coherent integration producing 
the phase shift and thus explaining the index of refraction. Any approach to 
the prediction of the index of refraction is based upon the calculation of the 
average electric polarization of the molecule, produced by the incident electric 
field of the plane wave. Then go to the macroscopic polarization. Once in the 
continuum theory framework the dielectric constant e is obtained as a function 
of frequency and finally the index of refraction is predicted through the Maxwell 
formula: n 2 = e. We call this line of thought the Maxwell-quantum framework. 
The quantum predictions of the index of refraction can be found in textbooks 
Q3] and [19]. 

n» - 1 = ^.JWfrOT {Wj _ Wq? f l E , _ 2i§jEj , X> = KA-1) 

Sj are the damping constants of the levels. When the life time of the state 
j is large, the energy Sj is small. The ground state energy of the molecule is 
Wo and the excited states have energies Wj. N e i ec is the number of valence 
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electrons per unit volume and r e = 2.83 10~ 15 m, is the classical radius of 
the electron. Tic = 197.3 MeVfm. /j is the relative strength of the transition 
Wo — > Wi- The energy of the photon is E 1 . The Hydrogen atom has W\ — 
Wq = —3.4 + 13.6 = 10.2 eV. And the life time of the Lya corresponds to 
<5i = 2. 10~ 6 eV . The damping terms are therefore neglected in this paper. 
The discrete sum in (|A-1[) is always replaced by a single term (sometimes two) 
with an average excitation energy. It came as a surprise, at the beginning of 
the 20" 1 century that this average energy was much greater than the typical 
molecular excitation energies. It was realized then that along with the discrete 
energies, the ionization continuum should be included thus explaining why the 
average energy was higher than expected. This ionization term is large. In 
Helium it is between 2.6 and 3 times as large as the discrete sum term [20] 
and [21| . In a condensed medium, Lorentz and Lorenz try to take into account 
the difference between the incident and the local electric field and suggest the 
following formula: 

n — 1 Air ft ,. nS 

^T2 = T^-^E {Wi _Wo?-E> 



Appendix B. The cross-section for the absorption of a photon far from 
the resonance. 

The cross section for the absorption of a real photon by an atom can be 
calculated in the framework of quantum mechanics and perturbative theory 
(assuming a small perturbation). The photon induces transitions between the 
atom's states \k >. Assuming a first order transition for the absorption process, 
the transition probability reads [22] [23] 



4r / dt< fc|i?i(£)|i > e 
in Jo 



i(E k -Ei)t/h 



(B-1) 



t is the duration of the perturbation. The perturbation Hamiltonian Hi (t) can 
be defined by the product of a time shape perturbation function f(t) (with 
f(t) = for t < and t > r) with a time independent operator W acting on 
initial state \i > and the final state \k > and an exponential factor e _iwt corre- 
sponding to the time dependence of the incident photon wave. The transition 
probability can be written as : 



fUfc(r) 



2tt 
T 



< k\W\i > r5 T (E k - Ei - hw) 



(B-2) 



where S T (E) is a zero-peaked function, of width 2itTi/t, of height t/{2ttTi), of 
unit integral such that lmv^oo 8 T (E) = 8(E) (the Dirac distribution). For f(t) 
taken to be a squared window shape of width r, 



8r(E) 



2 tE 
1 2h 



2-Kfi 



[zEY 



(B-3) 
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The time =w can be larger than the crossing time of the molecule as we saw in 
section 12.11 Therefore we will approximate S T as 5 T = . 

The interaction at the lowest order between an electromagnetic wave and the 
electrons of an atom is the dipolar interaction given by W — —qr£ where q is the 
electron charge, £ is the electric held induced by the photons, r is the operator 
of the radial distance between the electron and the nuclei. The magnitude of 
the electric held is related to the photon density by cq£ 2 = n^hui. For a given 
photon flux n 7 c, the cross-section can be calculated by 

a lk{T) = E^Zl (B-4) 
n 7 cr 

The matrix element of the Hydrogen | < 2p\z\\s > 2 = ^2_v5 aQ ^ j where 

ao is the Bohr radius. The geometrical cross section for the Hydrogen is thus 
er_i_ = 7toq and we can write | < 2p\z\\s > | 2 ss 0.16<7j_. 

We end up with aik(r) ~ 2aa±cuT. From Heisenberg relation, we expect 
lot « 1, thus (Tife(r) 2aa±, to be compared to our guess er^r) ~ Kaa± in 
section 12.11 
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